this study evaluated myosin heavy chain composition and the effect of aging time (45 min, 24 h, 96 h and 168 h) on meat quality parameters and dystrophin and integrin degradation pattern in longissimus thoracis and psoas major muscles of 24 polish landrace fatteners slaughtered at 100 kg body weight. it was found that m. longissimus thoracis had a greater percentage of Myhc-iiB (P≤0.05) and a significantly lower percentage of type I and IIA/IIX (P≤0.05) compared with the m. psoas major. Moreover, psoas major muscle had significantly higher (P≤0.05) pH 45 , ph 24 and lower drip loss values for 45 min to 24 h, 45 min to 96 h and 45 min to 168 h than m. longissimus thoracis.
Meatiness and pig meat quality are influenced by numerous environmental and genetic factors, and by their interaction. An important contribution to the physicochemical parameters of meat is also made by the microstructure of muscle fibres, including particularly their composition (Ryu and Kim, 2005; Lefaucheur, 2010; Lee et al., 2012; Wojtysiak, 2014) . Fibres of mammalian skeletal muscle have been classified on the basis of various physiological, morphological and biochemical parameters and attempts have been made to make functional correlations. Peter et al. (1972) correlated aerobic-oxidative and glycolytic capacities of muscle fibres to physiological measurements and myosin ATPase activity to give rise to the classification system, slow-twitch oxidative (SO), fast-twitch oxidative-glycolytic (FOG), and fast-twitch glycolytic (FG) . Using histochemical methods these fibre types are designated as types I, IIA and IIB by Brooke and Kaiser (1970) , types βR (red), αR and αW (white) by Ashmore et al. (1972) , respectively. Fibre types are also often defined by the isoforms of myosin heavy chain (MyHC) that are present. MyHCs are the motor proteins of muscle thick filaments that, along with actin filaments are able to convert chemical energy to mechanical energy for muscle contraction. Most organisms produce many muscle MyHC isoforms with temporally and spatially regulated expression patterns. This suggests that isoforms of MyHC have different characteristics necessary for defining specific muscle properties. Adult pig muscles express four major MyHC isoforms namely: MyHC-I, MyHC-IIA, MyHC-IIX and MHC-IIB. Muscle fibre composition, and thus myosin isoform composition are dependent on both genetic and environmental factors (Pette and Staron, 2000; Greaser et al., 2001; Lefaucheur et al., 2004; Ruusunen and Puolanne, 2004; Wojtysiak and Połtowicz, 2014; Kim et al., 2017) . A major role is also played by the function and anatomical location of a muscle (Essen-Gustavsson, 1993) . Therefore, by influencing muscle fibre parameters, it is possible to modulate not only muscle physiological parameters, but also physicochemical parameters of pig meat (Oksbjerg et al., 2000) . What is more, muscle histochemical profile is an important determinant of the biochemical processes in the muscle, which has a significant effect on the conversion of muscle to meat (Klont et al., 1998; Wojtysiak and Połtowicz, 2015) . Differences in postmortem meat quality are also associated with the rate of cytoskeletal protein degradation, which translates directly into physicochemical parameters of the meat (Klont et al., 1998; Melody et al., 2004; Wojtysiak and Połtowicz, 2015; Carlson et al., 2017; Richardson et al., 2017) . Cytoskeletal proteins are a complex network of fibrous structures that account for over 85% of the cell's proteins. They are the group of dynamic proteins that permits the cells to have the proper shape and to perform any cellular movement, as well as the movement of structures inside the cell. The cytoskeleton is composed of three types of fibres: microtubules, microfilaments, and intermediate filaments. In muscle fibres, the continuous attachment from the cytoskeleton to the extracellular matrix is formed by two specific families of proteins, namely members of the dystrophin/dystroglycan complex (Zubrzycka-Gaarn et al., 1988; Omairi et al., 2019) and the integrins (Hynes, 1992; Campbell and Humphries, 2011). Taylor et al. (1995) suggested that one of the important cytoskeletal proteins is dystrophin, which serves an essential function in the formation of costameresprotein assemblies which maintain sarcolemmal stability and selective permeability, while integrins are a family of adhesion receptors that mediate interactions between the extracellular matrix and the cytoskeleton (van der Flier and Sonnenberg, 2001) . Integrins are heterodimeric proteins made up of α and β chains that form many different combinations. The β chains of integrin are predominantly responsible for the attachment of the cell membrane to the cell body. On the other hand, the α chains have been more often implicated in matrix interactions (Cukierman et al., 2002) .
Although several α and β chains have been described in muscle fibres, β1 subunit is most studied (Lawson, 2004) . Recently, several studies have shown that degradation of cytoskeletal and other structural proteins like integrin play an important role in drip loss (Melody et al., 2004; Lawson, 2004; Zhang et al., 2006; 2011; Yin et al., 2014; Wojtysiak and Górska, 2018) .
The conversion of muscle to meat is controlled by intracellular enzymes, mainly calpains which are in direct contact with myofibrils in the muscle fibre and are able to degrade proteins. Cytoskeletal proteins of the muscle fibres are the main substrates of proteolytic systems, and their degradation makes muscle fibre structure less dense and causes the meat to tenderize (Nowak, 2005; Ouali et al., 2006) . Melody et al. (2004) and Zhang et al. (2006) suggested that the degradation of cytoskeletal proteins and protein oxidation can be involved in the regulation of drip loss during postmortem aging. Therefore, essential to understanding changes in the physicochemical parameters during the conversion of muscle to meat is to identify both the muscle microstructure and the rate of cytoskeletal protein degradation.
Therefore, the aim of this study was to determine the myosin heavy chain composition and changes postmortem in dystrophin and integrin degradation and physicochemical properties of m. longissimus thoracis and m. psoas major in fattening pigs.
Material and methods sample collection
A total of 24 Polish Landrace fatteners were investigated. Animals were housed in the same environmental condition and production regime of the Pig Performance Testing Station at the Experimental Station of the National Research Institute of Animal Production in Chorzelów (latitude 50 o 17'13"N, longitude 21 o 25'26"E). Pigs were purchased for the Station at about 24-26 kg of body weight and placed into individual pens enabling free movement (1.6 m wide × 3 m long). The control fattening at 30 kg of body weight was started by weighing animals at 7-day intervals to calculate daily gain. The two phase fattening lasted until pigs had attained 100 kg (±3 kg) of body weight. Animals were fed ad libitum complete feed rations containing 13.1 and 13.0 MJ ME (megajoules of metabolizable energy) and 176 and 145 g of crude protein per kg of grower and finisher diet, respectively, according to DLG standards (DLG, 2011). Pigs were slaughtered in a commercial slaughterhouse. Feed was withdrawn 12 h before slaughter but water was freely available in lairage. The pigs were stunned with CO 2 and processed according to the normal slaughterhouse procedures (exsanguinated, scalded, dehaired and eviscerated).
Meat quality analysis
To determine dystrophin and integrin degradation pattern and meat quality traits, samples of m. longissimus thoracis and m. psoas major were collected immediately after slaughter, and divided so that all tests could be carried out on the slaughter day (45 min postmortem) and repeated at 24 h, 96 h and 168 h postmortem. From each muscle, four large samples (about 250 g each) and two small samples (about 50 g each -to determine drip loss) were excised. The first large sample was used to determine pH of meat, and to determine intact dystrophin and integrin (Western-blot analysis) 45 min postmortem. The other three samples were vacuum packed and cold stored at 4°C to perform analogous analyses within the planned time frame of 24 h, 96 h and 168 h postmortem. The samples for the determination of drip loss and meat acidity were cold stored in tightly sealed containers until the end of the experiment at 168 h postmortem.
Additionally, to determine myosin heavy chain (MyHC) composition, from all of the analysed longissimus thoracis and psoas major muscles, tissue samples were collected 45 min postmortem, frozen in liquid nitrogen, and homogenized. Whole muscle extracts were obtained by homogenizing one gram of frozen muscle samples with 10 volumes of extraction buffer (50mM Tris-HCl, pH 8.3, and 10mM EDTA) using a Polytron (Wheeler and Koohmaraie, 1999 Analysis was made of the MyHC isoform types I, IIA, IIB and IIX. However, because types IIA and IIX were not separated in the analysis due to the difficulty in differentiating between the two bands using densitometry, percentages of type I, type IIA and IIX (together), and type IIB were analysed in each muscle. The density of type I, IIA/IIX and IIB MyHC bands was quantified by the densitometric method (ImageJ ver. 1.33U, National Institutes of Health, USA). Within each sample, percentages for each MyHC isoform were calculated as a percentage of the total MyHC isoforms in each lane.
Muscle pH was measured using a Matthäus (Germany) pH meter with a glass electrode standardized for pH 4.0 and 7.0 according to Polish Standard PN-77/a-82058 with automatic correction for muscle temperature at 45 min, 24 h, 96 h, and 168 h postmortem. Drip loss was measured in duplicate samples. After thorough weighing (e=0.001 g), samples were placed in sealed containers. After 24 h of storage samples were removed from their individual sealed containers, towel dried, and weighed again. The chops were then placed in new sealed containers and stored for an additional hour. Following 96 h of storage samples were again towel dried and weighed. Similarly, the samples of meat were processed after 168 h of storage. Drip loss results were presented as cumulative values for 45 min to 24 h, 45 min to 96 h and 45 min to 168 h.
Intact dystrophin and integrin were analysed using Western immunoblotting according to Wojtysiak and Górska (2018) . To this end, whole muscle extracts were obtained by homogenizing muscle samples with 10 volumes of ice cold extraction buffer (pH 8.3) containing 50 mM Tris and 10 mM EDTA. The muscle homogenate was diluted 1:1 with protein denaturing buffer (4% SDS, 20% glycerol, 125 mM Tris, pH 6.8) and heated at 50°C for 20 min. Samples were centrifuged at 16000×g and protein concentration was determined using BCA assay (Sigma Chemical Co, St. Louis, USA). Dystrophin and integrin were separated by SDS-PAGE on 8% and 10% separating acrylamide gel, respectively and with 4% stacking acrylamide gel. Gels for dystrophin and integrin were loaded with 60 μg of protein per lane. Relative molecular weights were determined using PageRulerTM Plus Prestained Protein Ladder (Thermo Fisher Scientific, Inc. Waltham, MA, USA). Discontinuous gels were run at 100V for 1.5 h. Gel was transferred to Immobilon-P transfer membrane (Millipore) overnight at 4°C and 30 mA in buffer containing 25 mM Tris, 193 mM glycine, and 15% methanol. After blocking with 10% non-fat dried milk in Tris-buffered saline pH 7.4 containing 0.05% Tween 20 for 1 h, the membrane was incubated at room temperature with primary monoclonal antibody NCL-DYS3 (Novocastra, Leica, dilution 1:20) and MAB1900 (Chemicon International, Temecula, CA, dilution 1:1000) for 2 h at room temperature. Membrane was washed three times (5 min) with TBST after each incubation. Bound primary antibody was visualized with goat anti-mouse alkaline phosphatase conjugate (Pierce Chemical Co., USA) diluted 1:2500, followed by detection of alkaline phosphate activity with bromo-chloroindolyl phosphate and nitroblue tetrazolium. The immunoblots were electronically scanned and the intensity of intact dystrophin and intact integrin were calculated using densitometric method (ImageJ ver. 1.33U, National Institutes of Health, USA). Because the same amount of protein from each sample was loaded on SDS gels, relative abundance of intact dystrophin and intact integrin at 45 min postmortem (as a reference standard to normalize the band intensities) of the m. longissimus thoracis and m. psoas major samples was taken as 100% with respect to each muscle sample. The intact dystrophin and integrin contents at 24 h and 96 h postmortem were expressed as percentages of the 45 min postmortem samples. The obtained ratio was used for statistical analysis.
statistical analysis
Differences among the muscle types and time of storage were analysed using analysis of variance (General Linear Models procedure), and tested for differences by Tukey's test. A probability of P≤0.05 was considered statistically significant. The data were expressed as least squares means (LSM)±standard error (SE).
results
The least squares means and standard errors for the percentage of MyHC isoforms and physicochemical parameters (pH and drip loss) of m. longissimus thoracis and m. psoas major are presented in Table 1 . The separation of different types of MyHC isoforms on polyacrylamide gel is presented in Figure 1 . In turn, m. longissimus thoracis had a greater percentage of MyHC-IIB and significantly lower percentage of type I and IIA/IIX compared with the m. psoas major.
The analysis of physicochemical parameters in both muscles showed a significant (P≤0.05) decrease in pH value at 24 h compared to 45 min postmortem. Further refrigerated storage of the meat did not have a significant (P≥0.05) effect on the values of this parameter in relation to 24 h postmortem for both the m. longissimus thoracis and the m. psoas major. Statistically significant (P≤0.05) differences were observed, however, when comparing the acidity of the analysed muscles in different storage periods. Accordingly, the m. longissimus thoracis showed significantly (P≤0.05) lower pH values at 45 min and 24 h postmortem in relation to the m. psoas major. The time of refrigerated meat storage also had a significant (P≤0.05) effect on the drip loss value. With prolonged refrigerated storage, the total value of this parameter was observed to increase (P≤0.05) in both the m. longissimus thoracis and m. psoas major. In terms of the muscle type, drip loss at 24 h, 96 h and 168 h postmortem was significantly (P≤0.05) higher in the m. longissimus thoracis compared to the m. psoas major. The results of dystrophin and integrin degradation in pig m. longissimus thoracis and m. psoas major during postmortem storage are presented in Figures 2 and 3 . The Western-blot analysis showed that dystrophin degradation during 96 h refrigerated storage of the meat did not occur evenly in both analysed muscles. Accordingly, both 24 h and 96 h postmortem the degree of intact dystrophin in m. psoas major was significantly (P≤0.05) greater than in m. longissimus thoracis. Similar to dystrophin, more intact integrin (P≤0.05) was shown in m. psoas major after 24 and 96 h postmortem compared to m. longissimus thoracis.
discussion
Culinary quality of meat is largely determined by postmortem changes which occur in muscle tissue (Carlson et al., 2017; Richardson et al., 2017) . These include acidity, drip loss, and degradation of cytoskeletal proteins. Another important determinant of the value of slaughter products is their microstructure as well as histochemical profile of the muscles, which is influenced, among others, by the content of different myosin isoforms.
The Western-blot analysis performed in our study demonstrated that myosin heavy chain composition of m. longissimus thoracis is dominated by MyHC-IIB. Such a large proportion of MyHC-IIB in the m. longissimus thoracis, due to its specific characteristics, makes it glycolytic. These conjectures are supported by earlier studies by Ruusunen and Puolanne (2004) and Lefaucheur et al. (2004) , which showed that pig m. longissimus is a typical "white" muscle with glycolytic metabolism. Also in the case of m. psoas major, our study showed that MyHC-IIB forms the highest percentage in myosin heavy chain composition. However, it is worth noting that in the m. longissimus thoracis, MyHC-IIB percentage is considerably higher and percentages of MyHC-I and IIA/IIX, which is indicative of oxidative metabolism, are considerably lower than in m. psoas major. These results confirm the earlier observations of Kim et al. (2017) . As indicated by Essen-Gustavsson (1993) , such variation in the muscle fibre composition and the resulting differences in the composition of individual MyHC isoforms between different pig muscles, are mainly due to the anatomical location of the muscles and the functions they serve. Earlier study showed that the contractile function of skeletal muscles is primarily regulated by the expression of MyHC isoforms (Potau et al., 2012) . Therefore, the muscles with higher MyHC-I content are slow but resistant to fatigue, while those with major expression of MyHC-IIA and MHC-IIB are fast and powerful but less resistant to fatigue.
The results of qualitative analysis obtained in our study show a significant effect of the muscle type on the physicochemical parameters. Accordingly, the higher pH values noted in m. psoas major compared to m. longissimus thoracis at 45 min and 24 h postmortem may result, among others, from the differences in myosin heavy chain composition. (2005) suggest that the decline in muscle pH during the early postmortem storage period may influence the intermediate filaments of muscle fibres and costameres, which may cause the muscle fibres to contract.
The postmortem changes which occur in meat during storage, determine another quality parameter, namely drip loss. It is obvious that cumulative drip loss increases with increasing period of meat storage (Zhang et al., 2006; Bee et al., 2007) . Accordingly, as could be expected, in both analysed muscles, total drip loss increased with prolonged refrigerated storage of the meat. These results confirm the earlier observations of Kristensen and Purslow (2001) and Wojtysiak and Połtowicz (2015) . Ryu and Kim (2005) demonstrated that increased drip loss is closely associated with a high percentage of type IIB fibres. For type I muscle fibres, the authors observed negative correlations. Therefore, the higher drip loss observed in our study in the m. longissimus thoracis compared to the m. psoas major during all the periods of refrigerated meat storage may result from the higher percentage of MyHC-IIB and lower percentage of MyHC-I, which occur in type IIB and I fibres, respectively. These conjectures are supported by Kang et al. (2011) , who noted that the content of MyHC-IIB, unlike MyHC-I, was positively correlated with drip loss. It may be also noted that the level of drip loss is significantly influenced by the degradation rate of cytoskeletal proteins, in particular the costameric proteins (Melody et al., 2004; Wojtysiak and Górska, 2018) -and the dystrophin discussed in our study is exactly such a protein. In skeletal muscle fibres, by binding to the glycoprotein complex, dystrophin forms a major structural component of muscle fibres, responsible among others for the coupling of sarcolemma with actin filaments. In turn, by making specific links between the sarcoplasmic cytoskeleton and extracellular matrix, it helps to maintain cell homeostasis (Minetti et al., 1992; Omairi et al., 2019) . It is exactly the rate of costamere protein degradation as well as the degradation rate of integrin membrane proteins that largely determine the opening of drip channels, which contribute to the level of drip loss (Kristensen and Purslow, 2001) . Lawson (2004) showed integrin to be the principal protein that determines the opening of drip channels. The same author showed that the degradation of the β1-chain of integrin, the portion of the protein involved in adhesion of the cell membrane to the cytoskeleton, temporally correlates to the opening of drip channels in pork. It should also be remembered that the rate of cytoskeletal protein degradation is determined by the calpain system, namely proteolytic enzymes such as µ-calpain, m-calpain and their specific inhibitor calpastatin (Nowak, 2005; de Oliveira et al., 2019) . Earlier study of Pfaff et al. (1999) showed that the β-integrin subunit can be readily degraded by calpains in vitro. Hence Lawson (2004) advanced a hypothesis that the degradation of the β1chain of integrin may be due to activation of calpains at the site of adhesion plaques. Moreover, the same author showed that m-calpain is co-localized with β1-integrin at the cytoplasmic surface of the cell membrane in plaque-like structures and is active in these regions postmortem. Inhibition of calpains not only results in inhibition of integrin degradation, but blocks the opening of drip channels. Therefore, the opening of drip channels in pork may well be due to the degradation of integrin proteins on the cell surface by calpains. The relationship between drip loss and integrin degradation was also reported by Zhang et al. (2006) , who showed that a greater amount of detectable intact integrin is associated with decreased drip loss during postmortem storage in pork. According to the hypothesis of Huff-Lonergan and Lonergan (2005), if costameric linkages remain intact during the conversion of muscle into meat, shrinkage of the myofibrils as the muscle goes into rigor would be transmitted to the entire cell via these proteinaceous linkages and would ultimately reduce volume of the muscle cell itself. Thus, the rigor process could result in mobilization of water not only out of the myofibril, but also out of the extramyofibril spaces as the overall volume of the cell is constricted; this may explain the higher drip loss in m. longissimus thoracis in our study, where both integrin and dystrophin were degraded more slowly compared to m. psoas major. Morrison et al. (1998) hold that the rate of cytoskeletal protein degradation is affected by muscle fibre composition. Accordingly, cytoskeletal proteins are degraded more rapidly in glycolytic fibres (IIB) that in oxidative fibres (I). As pointed out before, the rate of cytoskeletal protein degradation is determined by the calpain system. These enzymes do not occur freely in the sarcoplasm and their main location in striated skeletal muscle fibres is the myofibril Z-line. Therefore, after slaughter, by degrading the Z-line calpains cause the fragmentation of myofibrils and thus shape physicochemical parameters of the meat. Sazili et al. (2005) indicate that the content of µ-calpain and m-calpain is correlated with the muscle fibre composition, and thereby with the MyHC composition. Likewise, Wojtysiak and Połtowicz (2015) consider that the rate of cytoskeletal protein degradation depends on muscle fibre composition. The same authors observed that the muscles with a higher percentage of type I fibres are also characterized by lower rate of desmin degradation. Therefore, the slower rate of dystrophin degradation, shown in our study in m. psoas major compared to m. longissimus thoracis, may be partially attributed to the higher content of type I isoform in myosin heavy chain composition.
In summary, it is concluded that m. longissimus thoracis is a typical "white" muscle characterized by a significantly greater percentage of MyHC-IIB isoform, in contrast to m. psoas major which were found to contain a significantly greater percentage of MyHC-I and MyHC-IIA/IIX isoforms. Moreover, m. psoas major was characterized by significantly higher pH 45 and pH 24 values, and lower cumulative drip loss values. Additionally, the obtained results indicate that the muscles with a greater percentage of MyHC-IIB show lower pH values, which contributes to a more rapid rate of integrin and dystrophin degradation. This may result in higher drip loss values during refrigerated storage of the muscles. 
